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Introduction
Atmospheric deposition of nitrogen and sulfur and the effects of climate change on water quality and quantity in high-elevation lakes are issues that are a concern for Grand Teton and Yellowstone National Parks (herein referred to as "Grand Teton" and "Yellowstone"). Physical characteristics of high-elevation basins, such as thin, rocky soils; sparse vegetation; and a short growing season in Grand Teton and Yellowstone make them susceptible to damage from atmospheric contaminants. Deposition of nitrogen to high-elevation lakes has the potential to change the nutrient status of aquatic ecosystems through nitrogen saturation, increasing vulnerability to episodic acidification from atmospheric deposition. Current (2005) atmospheric deposition rates and proposed changes in atmospheric emissions, including increasing emissions from powerplants and energy production near Grand Teton and Yellowstone, have the potential to further alter the chemistry of these aquatic ecosystems.
Previous studies have documented strong relations between acid-neutralizing capacity (ANC) concentrations and certain basin characteristics (Melack and others, 1985; Nishida and Schnoor, 1989; Hooper and others, 1990; Clow and Sueker, 2000; Rutkowski and others, 2001 ; and Leora Nanus Sensitivity of Alpine and Subalpine Lakes to Acidification from Atmospheric Deposition in Grand Teton National Park and Yellowstone National Park, Wyoming and D.W. Clow, U.S. Geological Survey, written commun., 2004) . ANC is the measure of the amount of acid necessary to neutralize the bicarbonate, carbonate, alumino-hydroxy complexes, and other bases in a water sample and is determined using acidimetric Gran analysis (Kanciruk and others, 1987) .
Compilation of historical water-quality data that have been collected in Grand Teton (Woods and Corbin, 2003a) and Yellowstone (Woods and Corbin, 2003b) indicates that few chemical data are available for Outstanding Natural Resource Waters in Yellowstone, particularly high-elevation lakes. Gulley and Parker (1985) conducted a limnological survey of 70 small lakes and ponds in Grand Teton and determined that the lakes were very dilute and very poorly buffered, indicating that they could be extremely susceptible to acidification caused by the atmospheric deposition of contaminants. Of the 17 high-elevation lakes sampled throughout Grand Teton and Targhee Surface-water monitoring is needed in Grand Teton and Yellowstone to assess current conditions of aquatic ecosystems and evaluate the long-term effects of atmospheric deposition of contaminants on these aquatic ecosystems. To address this need, the National Park Service (NPS), Greater Yellowstone Inventory and Monitoring Network is designing a long-term monitoring plan for Outstanding Natural Resource Waters in Grand Teton and Yellowstone that will focus monitoring efforts on lakes most sensitive to atmospheric deposition. Differences in environmental settings, such as topography, hydrology, geology, and vegetation types of high-elevation lake basins between Grand Teton and Yellowstone (Zelt and others, 1999) , support the need for a water-quality assessment in each park. To address this need, the U.S. Geological Survey (USGS), in cooperation with the NPS, is using a scientifically based approach to identify those systems most sensitive to atmospheric deposition of contaminants. The study described in this report identifies and quantifies the extent of lakes that are sensitive to changes such as eutrophication, fertilization, and acidification from atmospheric deposition. Results from the study described in this report will be used to aid in the design of a long-term monitoring plan for Outstanding Natural Resource Waters within Grand Teton and Yellowstone.
Purpose and Scope
The purpose of this report is to identify lakes in Grand Teton and Yellowstone that are sensitive to acidification from atmospheric deposition of contaminants. This report describes the development of multivariate, logistic regression models for estimating lake sensitivity. Sensitive lakes are defined as lakes with a greater than 60-percent probability of having an ANC concentration less than 200 µeq/L, USEPA's criteria of sensitive to acidification. Using Geographical Information System (GIS) tools and spatial statistics, physical basin characteristics data, including land-surface characteristics and atmospheric factors such as precipitation and atmospheric deposition of contaminants, were derived for use as explanatory variables in the logistic regression models. The logistic regression models were calibrated using ANC concentration data. Discrete ANC concentration bins were developed for use in the logistic regression analyses to give managers the ability to vary their sensitivity criteria based on the focus of their study.
Western Lake Survey in Grand Teton and Yellowstone (Kanciruk and others, 1987; Landers and others, 1987; Silverstein and others, 1987) .
Selection criteria applied to the data sets for use in the study described in this report included only data from alpine and subalpine lakes that were sampled from July through the first week of October, lakes that were greater than 1 hectare (ha) in area and less than 4 ha in area, and ANC concentration data were available. The lake-size selection criteria was used to avoid inclusion of small tarns and ponds in the data set as well as really large lakes, and is in keeping with the selection criteria used for the Western Lake Survey (Kanciruk and others, 1987; Landers and others, 1987; Silverstein and others, 1987) . A total of 52 lakes in Grand Teton and 23 lakes in Yellowstone met the selection criteria.
The ANC concentration data that met the selection criteria were classified into the three ANC concentration bins (bins) that are within the USEPA's criteria of sensitive to acidification: less than 50 µeq/L (0-50), less than 100 µeq/L (0-100), and less than 200 µeq/L (0-200) (figs. 1 and 2). ANC concentrations less than 50 µeq/L would be more appropriate for evaluating chronic acidification risk, though ANC concentrations less than 100 µeq/L likely would include lakes that may have episodic acidification. Thus, for Grand Teton, ANC concentration data were classified into bins of 0-50 µeq/L, 0-100 µeq/L, and 0-200 µeq/L to calibrate logistic regression models. For Yellowstone, no lakes had ANC concentrations less than 50 µeq/L, so only bins of 0-100 µeq/L and 0-200 µeq/L were used. 
Description of Data Used in the Logistic Regression Model 3
Water-quality data were examined to determine if the data sets could be combined for sites with multiple years of ANC concentration data from one data set or multiple data sets. It was determined that ANC concentrations were not variable across the ANC concentration bins either temporally or for different data sets, and that the data sets could be combined. ANC concentrations range from 18 to 1,600 µeq/L in Grand Teton and 54 to 1,621 µeq/L in Yellowstone. Water-quality data for Yellowstone Lake and Jackson Lake were not used to calibrate the regression models because of the larger size of these lakes compared to the other lakes included in the study; however, the two large lakes were included in the total lake population to which the results of the modeling were applied.
Basin Boundary Delineation
Lake coverages at a scale of 1:24,000 (U.S. Geological Survey, 2000b) were used to identify lakes with a surface area of 1-4 ha. One hundred and six lakes in Grand Teton ( fig. 3 and table 6; tables 6-11 are in the appendix at the back of the report), and 294 lakes in Yellowstone ( fig. 4 and table 10), had lake areas of 1-4 ha and were included in the study. By using a 10-m digital elevation model (DEM) (U.S. Geological Survey, 2000a) for Grand Teton and Yellowstone and the lake outlets, the basin boundaries for the lake watersheds were delineated in ArcGrid (Environmental Systems Research Institute, 1999) . All grid cells that contribute flow to the specified lake outlet, also known as the basin pour point, were included within the basin. Basin boundary delineations were rigorously checked in GIS by overlaying the basin boundary on the DEM and hydrology coverage. Sixty-six percent of lakes in Grand Teton and 36 percent of lakes in Yellowstone that were included in the study were headwater lakes, defined as having no tributary basins entering the lake.
Physical Basin Characteristics Data
Physical basin characteristics data from a variety of data sets were quantified for each basin by using GIS tools and spatial statistics. A total of 45 (for Grand Teton; table 7) and 37 (for Yellowstone; table 8) variables of physical basin characteristics were quantified for testing as explanatory variables in the regression models. Each of the variables was considered to be a possible factor in controlling the ANC of the lake, and therefore the sensitivity of the lake to eutrophication, fertilization, and acidification from atmospheric deposition. The explanatory variables tested in the logistic regression models are defined in tables 7 (for Grand Teton) and 8 (for Yellowstone).
Land-Surface Characteristics
Land-surface characteristics were derived from GIS data sets including a 1:24,000 lake coverage (U.S. Geological Survey, 2000b), a 10-m DEM (U.S. Geological Survey, 2000a), a 1:62,500-scale bedrock-geology coverage for Grand Teton (National Park Service, 1992), a 1:125,000-scale bedrock-geology coverage for Yellowstone (National Park Service, 1988), a 1:24,000-scale soils coverage for Grand Teton (National Park Service, 1994a), a 1:62,500-scale soils coverage for Yellowstone (National Park Service, 1997), a 1:62,500-scale vegetation coverage for Grand Teton (National Park Service, 1994b), a 10-m vegetation grid for Yellowstone (National Park Service, 1990), a 1:125,000-scale precipitation grid for Grand Teton (Spatial Climate Analysis Service, 2000), a 1:125,000-scale precipitation grid for Yellowstone (National Park Service, 1999), a 1:125,000-scale hydrogen iondeposition grid (Nanus and others, 2003), a 1:125,000-scale inorganic nitrogen-deposition grid (Nanus and others, 2003) , and a 1:125,000-scale sulfate-deposition grid (Nanus and others, 2003) .
The range in elevation for Grand Teton is 1,927 to 4,185 m ( fig. 5 ), and Yellowstone is 1,566 to 3,460 m ( fig. 5) . Grand Teton has a larger percentage of high-elevation terrain compared to Yellowstone (fig. 5 ). For each lake basin, the 10-m DEM was used to calculate mean elevation and slope and to derive other physical parameters including lake-outlet elevation, maximum elevation, basin area, lake/basin area, percentage of steep slopes (slopes > 30 degrees), and percentage of aspect (by 45-degree increments) (tables 7 and 8). Aspect of 0 degree is north, 90 degrees is east, 180 degrees is south, and 270 degrees is west.
The lithologies for Grand Teton and Yellowstone were grouped into six different geochemical classes (hereinafter referred to as "geochemical ranking") that were ranked from low to high on the basis of buffering capacity of the bedrock (Leora Nanus and D.W. Clow, U.S. Geological Survey, written commun., 2004). The geochemical rankings (GC) are as follows: The grouped geochemical-ranking coverage is shown in fig. 6 . The predominant geochemical rankings, based on the potential buffering capacity of the bedrock for Grand Teton, are GC 1, GC 3, and GC 4, and for Yellowstone they are GC 3 and GC 4. The large amount of GC 1 in Grand Teton indicates that the buffering capacity of the bedrock is lower in Grand Teton than in Yellowstone. The percentage of areal coverage Vegetation type was classified into low, medium, and high classes based on sensitivity to deposition of contaminants (tables 7 and 8). High sensitivity includes agricultural or unvegetated terrain such as snow, ice, rock, and water. Medium sensitivity includes forest and tundra, and low sensitivity includes subalpine meadow.
Atmospheric Factors
Atmospheric factors, including precipitation amount and atmospheric deposition rates of inorganic nitrogen, sulfate, and hydrogen ion, also were included as explanatory variables in the logistic regression models. The mean-annual precipitation variable for each basin was derived from a 30-year (1961-90) average annual precipitation grid (Parameterelevation Regressions on Independent Slopes Model; PRISM; Spatial Climate Analysis Service, 2000) . Within the study area, mean-annual precipitation, by lake basin, ranged from a low of 530 mm/yr to a high of 4,720 mm/yr.
Atmospheric deposition of hydrogen ion, inorganic nitrogen, and sulfate has the potential to alter the chemistry of aquatic ecosystems, through nitrogen saturation and episodic acidification, thus increasing the sensitivity of lakes to future acidification from atmospheric deposition in Grand Teton and Yellowstone. Mean-annual deposition of hydrogen ion, inorganic nitrogen, and sulfate were calculated for each basin. Within the study area, mean annual atmospheric deposition ranges are as follows: hydrogen ion deposition ranges from 0.03 to 0.1 kg/ha/yr hydrogen ion, 0.2 to 4.3 kg/ha/yr inorganic nitrogen, and 0.7 to 6.8 kg/ha/yr sulfate (Nanus and others, 2003) . The variability in solute deposition was largely controlled by precipitation amount (Nanus and others, 2003) .
Description of Logistic Regression Modeling Technique
Multivariate logistic regression for each ANC concentration bin was used to identify lakes with a high probability of sensitivity to acidic deposition. Logistic regression differs from linear regression in that the result is the probability of being above or below a threshold, rather than a predicted value (Helsel and Hirsch, 1993) . The large variability in ANC concentrations in Grand Teton and Yellowstone is such that predicting the probability for a lake to be within a discrete ANC concentration bin (0-50 µeq/L, 0-100 µeq/L, and 0-200 µeq/L) is a good approach and supports the use of logistic regression over other statistical analyses. The probability equation is:
where Logit (P) is probability that ANC concentration is within a specified ANC concentration bin; e is natural logarithm;
and b x is vector of slope coefficients and explanatory variables.
Basin characteristics (45 for Grand Teton and 37 for Yellowstone) were used as explanatory variables, and ANC concentrations at 52 lakes in Grand Teton and 23 lakes in Yellowstone were used as the dependent variable to calibrate the regression models. First, all explanatory variables were tested independently using univariate logistic regression, and the explanatory variables that have significant influence (p-value < 0.1) were included in an initial multivariate logistic regression analysis. Only explanatory variables that were significant (p-value < 0.05) in the initial multivariate analysis were included in the final multivariate logistic regression models. The resultant multivariate logistic regression models are highly significant (p-value < 0.05), compared with an intercept-only model that contains none of the explanatory variables. Once the final multivariate logistic regression models were calibrated, the resultant probability equations for each ANC concentration bin were applied to all lakes greater than 1 ha in Grand Teton and Yellowstone. Thus, the model was applied to lakes with ANC data (that were used to calibrate the models) and lakes without data to determine the probability for a lake to be in an ANC concentration bin. To enable further evaluation of the logistic regression model for each ANC concentration bin, model-based predicted probabilities were compared to measured concentrations by using the Hosmer-Lemeshow Goodness-of-Fit (Hosmer and Lemeshow, 1989) . For example, Somers' D is used to determine the strength and direction of relation between pairs of variables (SAS Institute, 1990) . Its values range from -1.0 (all pairs disagree) to 1.0 (all pairs agree). The c-statistic is another measure of rank correlation of ordinal variables (SAS Institute, 1990) . It is justified so that it ranges from 0 (no association) to 1 (perfect association). It is a variant of Somers' D index. The wald statisitic can be used to determine significance of the coefficients (SAS Institute, 1990) . The wald statistic is based on chi-square distribution and is the square of the ratio of the coefficient to its standard error.
Lakes with a high probability (greater than 60 percent) of having an ANC concentration within the predefined bins were identified as potentially sensitive. These results were subdivided further into four probability ranges: probability that the estimated ANC concentration is in a bin is equal to or greater than
Description of Data Used in the Logistic Regression Model
90 percent; probability that the estimated ANC concentration is in a bin ranges from 80 to 90 percent; probability that the estimated ANC concentration is in a bin ranges from 70 to 80 percent; and probability that the estimated ANC concentration is in a bin ranges from 60 to 70 percent. The classification grouping described above was repeated for each ANC concentration bin: 0-50 µeq/L, 0-100 µeq/L, and 0-200 µeq/L in Grand Teton, and 0-100 µeq/L and 0-200 µeq/L in Yellowstone.
Logistic Regression Model Calibration and Application
Grand Teton National Park
In Grand Teton, 52 lakes between 1-4 ha that had available ANC concentration data for July through October were used to calibrate the logistic regression models for each ANC concentration bin. After each model was calibrated for the ANC concentration bins (0-50 µeq/L, 0-100 µeq/L, and 0-200 µeq/L), the model was applied to the 106 lakes in Grand Teton that are greater than 1 ha ( fig. 3 and table 6 ). This section of the report describes the model calibration and application for each bin in Grand Teton. Results of the univariate and multivariate logistic regression analysis for Grand Teton are presented in tables 7 and 9.
For Grand Teton, results of the lake-sensitivity classification using multivariate logistic regression indicate that the fraction of basin that is composed of soil type 9, LeightonMoran Wolcott association soils (p-value = 0.0035), and the percent area of the basin with steep slopes (slopes greater than 30 degrees) (p-value = 0.0276) were the only physical basin characteristics that were significant at the 95-percent confidence interval (p-value < 0.05) using an ANC concentration bin of 0-50 µeq/L (table 9). As the area of the basin with steep slopes and the area of the basin with soil type 9 increases, the buffering capacity of the basin decreases as a result of thin soils and resistant bedrock, and the probability that ANC concentrations are in the 0-50 µeq/L bin increases. The HosmerLemeshow Goodness-of-Fit, which compares the measured concentrations of the response variable to the predicted concentrations obtained from models with and without the variable in question, indicates a good model fit to the calibration data. Measured ANC concentrations were compared to predicted ANC concentrations by randomly grouping the lakes with measured ANC into 10 groups with an equal number of lakes. These random groupings of 10 percent were used to evaluate model agreement between measured and predicted ANC concentration. In Grand Teton, measured ANC concentrations of 0-50 µeq/L compared to predicted in random groupings of 10 percent, showed good agreement with a r-squared value equal to 0.66 (table 9) . The c statistic, a variant of Somers' D index that measures rank correlation (SAS Institute, 1990) , is equal to 0.90, indicating good association.
The following probability equation was applied to the 106 delineated basins: 
where Logit (P) and e are defined as in equation 1. For an ANC concentration bin of 0-100 µeq/L, results indicate that the elevation of the lake outlet (p-value = 0.0005) and the area of the basin with northeastern aspects (asp45) (p-value = 0.0272) are significant at the 95-percent confidence interval (p-value < 0.05). As the elevation of lake outlet increases and the area of the basin with northeastern aspects decreases, the probability that ANC concentration is in the 0-100 µeq/L bin increases. High-elevation watersheds with northeastern aspects have deep, seasonal snowpacks that have high rates of runoff during snowmelt and limited water/soil interaction, limiting the potential buffering capacity of the basin. Thus, elevation of lake outlet and the area of the basin with northeastern aspects were used as explanatory variables in the multivariate logistic regression model (table 9) . Measured ANC concentrations 0-100 µeq/L compared to predicted in random groupings of 10 percent in Grand Teton, showed good agreement with a r-squared value equal to 0.61 (table 9) . The c statistic is equal to 0.88, indicating good association.
The following probability equation was applied to the 106 delineated basins:
where Logit (P) and e are defined as in equation 1. For an ANC concentration bin of 0-200 µeq/L, only bedrock type GC 1, with low to no buffering capacity (p-value = 0.0003), was statistically significant at the 95-percent confidence interval (p-value < 0.05), such that as the area of the basin with GC 1 increases, the probability that ANC concentration is in the 0-200 bin increases. Thus, GC 1 was used as the explanatory variable in the model. Measured ANC concentrations 0-200 µeq/L compared to predicted in groupings of 10 percent in Grand Teton, showed very good agreement with a r-squared value equal to 0.99 (table 9) . The c statistic is equal to 0.86, indicating good association.
where Logit (P) and e are defined as in equation 1.
Yellowstone National Park
In Yellowstone, 23 lakes, or 8 percent of lakes greater than 1 ha, met the selection criteria, and ANC data were used to calibrate the logistic regression models. Results of the univariate and multivariate logistic regression analysis for Yellowstone are presented in tables 8 and 11. Results for Yellowstone lakes with probabilities of being within the ANC concentration bins (0-100 µeq/L and 0-200 µeq/L) are presented in table 10. Two hundred and ninety-four lakes in Yellowstone are greater than 1 ha and were included in this study ( fig. 4 and table 10 ).
For an ANC concentration bin of 0-100 µeq/L in Yellowstone, only elevation of lake outlet (min_elev, tables 8 and 11) (p-value = 0.052) was significant at the 95-percent confidence interval, such that as elevation of lake outlet increases the probability that ANC concentration is 0-100 µeq/L increases. Thus, elevation of lake outlet was used as the explanatory variable in the final multivariate logistic regression model. The Hosmer-Lemeshow Goodness-of-Fit indicates a good model fit to the calibration data. Measured ANC concentrations 0-100 µeq/L compared to predicted ANC concentrations 0-100 µeq/L in groupings of 10 percent in Yellowstone, showed good agreement with a r-squared value equal to 0.61 (table 11) . The c statistic is equal to 0.95, indicating good association. The following probability equation was applied to the 294 delineated basins. 
where Logit (P) and e are defined as in equation 1. For an ANC concentration bin of 0-200 µeq/L, the elevation of lake outlet (p-value = 0.091) and the bedrock type with high buffering capacity (GC 3) (p-value = 0.053) were significant at the 95-percent confidence interval, such that as elevation of lake outlet increased and the amount of the basin with bedrock type GC 3 increased, the probability for an ANC concentration to be 0-200 µeq/L increases. Thus, elevation of lake outlet and bedrock type GC 3 were used as the explanatory variables in the multiple logistic regression models. Measured ANC concentrations less than 200 µeq/L compared to predicted in groupings of 10 percent in Yellowstone showed agreement with a r-squared value equal to 0.54 (table 11) . The c statistic is equal to 0.78, indicating good association.
The following probability equation was applied to the 294 delineated basins with unknown lake chemistry:
Sensitivity of Alpine and Subalpine Lakes to Acidification from Atmospheric Deposition Grand Teton National Park
The probabilities associated with each basin provide an indication of the lake sensitivity to acidification from atmospheric deposition. Results for Grand Teton lakes with probabilities of being in an ANC concentration bin are presented in table 6 . Results indicated that 7 percent of the lakes had a greater than 60-percent probability of having ANC concentrations 0-50 µeq/L and 0 percent of the lakes had a greater than 80-percent probability of having ANC concentrations 0-50 µeq/L (table 1). Lakes with a greater than 60-percent probability of an ANC concentration bin of 0-50 µeq/L are located in areas with steep slopes and soil type 9 in western and southwestern Grand Teton ( fig. 7) .
Results indicated that 36 percent of lakes had a greater than 60-percent probability of having ANC concentrations less than 100 µeq/L, and 14 percent of lakes had a greater than 80-percent probability of having ANC concentrations 0-100 µeq/L (table 2) . Lakes with a greater than 60-percent probability of lake sensitivity with respect to atmospheric deposition for an ANC concentration bin of 0-100 µeq/L are shown in fig. 8 . Lakes with greater than 80-percent probability that ANC concentration is less than 100 µeq/L are located in western and southwestern Grand Teton. The same lakes that are significant in Grand Teton for the 0-50 ANC bin are significant at the 0-100 ANC bin. Results indicate that 59 percent of lakes had a greater than 60-percent probability of having ANC concentrations less than 200 µeq/L, and 46 percent of lakes had a greater than 80-percent probability of having ANC concentrations 0-200 µeq/L (table 3) . Lakes with a greater than 60-percent probability of lake sensitivity with respect to atmospheric deposition for an ANC concentration bin of 0-200 µeq/L are shown in fig. 9 . Lakes with an 80-to 100-percent probability that ANC concentration is less than 200 µeq/L are located throughout western and southwestern Grand Teton.
Yellowstone National Park
Results for Yellowstone lakes with probabilities of being in an ANC concentration bin are presented in table 10. Results indicated that 13 percent of lakes had a greater than 60-percent probability of having ANC concentrations 0-100 µeq/L, and 9 percent of lakes had a greater than 80-percent probability of having ANC concentrations 0-100 µeq/L (table 4) . Lakes with a greater than 60-percent probability of lake sensitivity with respect to atmospheric deposition for an ANC concentration bin of 0-100 µeq/L are shown in fig. 10 . Lakes with 80-to 100-percent probability that ANC concentration is less than 100 µeq/L are located throughout eastern and northwestern Yellowstone. The exception is unnamed lake (261) in southwestern Yellowstone.
Results indicated that 27 percent of lakes had a greater than 60-percent probability of having ANC concentrations 0-200 µeq/L, and 13 percent of lakes had a greater than 80-percent probability of having ANC concentrations less than 200 µeq/L (table 5) . Lakes with a greater than 60-percent probability of lake sensitivity with respect to atmospheric deposition for an ANC concentration bin of 0-200 µeq/L are shown in fig. 11 . Lakes with greater than or equal to 90-percent probability that ANC concentration is 0-200 µeq/L are located throughout eastern and central Yellowstone. The exception is unnamed lake (261) in southwestern Yellowstone. Lakes with greater than 80-percent probability that ANC concentration is less than 200 µeq/L are located throughout central, southeastern, and southwestern Yellowstone.
Comparison between Grand Teton National Park and Yellowstone National Park
For comparison of results between Grand Teton and Yellowstone, an ANC concentration bin of 0-100 µeq/L was selected because it was the lowest ANC concentration bin used for the multivariate logistic regression analysis that was common to both parks. The results of the modeling in Grand Teton and Yellowstone indicate that the identification of lakes can be based on a greater than 60-percent probability of having an ANC concentration bin 0-100 µeq/L. A higher percentage of lakes in Grand Teton (36 percent) were determined to be sensitive to deposition of contaminants than in Yellowstone (13 percent) for the 0-100 µeq/L ANC bin.
For Grand Teton and Yellowstone, the elevation of the lake outlet was significantly correlated with ANC concentration such that as elevation increased, ANC concentration decreased. In Grand Teton, the area of the basin with northeast aspects also was significant. Results of this study indicate that the lakes that exceeded 60-percent probability of having an ANC concentration of less than 100 µeq/L, and therefore at risk to atmospheric deposition, are located at elevations greater than 2,790 m in Grand Teton and greater than 2,590 m in Yellowstone. Rutkowski and others (2001) used a GIS-based model to assess surfacewater sensitivity to atmospheric deposition in Wilderness Areas of Nevada, Idaho, Utah, and Wyoming, and determined that elevation and bedrock geology were significant predictors of low ANC surface waters.
Atmospheric deposition of inorganic nitrogen, sulfate, and acidity was not significantly correlated with ANC concentrations, which may be because deposition is fairly similar among these sites. However, very high-risk basins include lakes where ANC concentrations are low and atmospheric deposition of contaminants is relatively high. Lakes with a greater than 60-percent probability of having an ANC concentration less than 100 µeq/L in Grand Teton and Yellowstone were within the following ranges for average annual atmospheric deposition: 0.05-0.15 kg/ha/yr hydrogen ion, 1.0-3.5 kg/ha/year inorganic nitrogen, 2-8 kg/ha/yr sulfate. Summit lake and unnamed lake (261) in southwestern Yellowstone were located in an area with deposition of 2-2.5 kg/ha/year inorganic nitrogen.
The uncertainty associated with the combined use of GIS modeling and multivariate logistic regression is difficult to quantify. The best available NPS GIS data for Grand Teton and Yellowstone were used in this study; however, finer resolution GIS data, not currently (2005) available, may improve the model. Differences in the resolution of the geology and soils GIS data between Grand Teton and Yellowstone may have influenced the comparison results. Additionally, the physical geology, including the presence of major geologic contacts or faults within each lakes basin influences ANC concentration to an unknown degree and was not included as a variable in this study. Environmental variables other than those included in this study also may contribute to variability in some lake ANC concentrations and can be difficult to quantify; these variables could include recreational use, fire, and thermal activity.
The GIS and logistic regression modeling approach described in this report can be used as a cost-effective tool to help resource managers identify lakes likely to be sensitive to atmospheric deposition of contaminants and develop longterm monitoring programs. The sensitivity for both Grand Teton and Yellowstone lakes indicate a need for long-term monitoring, to identify seasonal variability and episodic acidification. In the future, it may be prudent to use the probability estimates to identify one to two alpine lakes in each park with a lake area of 1-4 ha that could be monitored by collecting samples each season for a minimum of 5 years. These intensive monitoring sites also could include climate stations for precipitation sample collection. The combination of intensive lake-chemistry and precipitation-chemistry data at one to two alpine lakes in each park would allow resource managers to observe short-term and long-term variability in inorganic nitrogen and sulfate deposition. Additionally, three to four lakes could be sampled once annually for at least 10 years to monitor long-term change. These could include lakes with the highest probability for ANC concentrations less than 50 µeq/L in Grand Teton and less than 100 µeq/L in Yellowstone, and with good spatial distribution within each park. Figure 7. Probability greater than 60 percent of lake sensitivity in Grand Teton National Park to atmospheric deposition using an acid-neutralizing capacity concentration bin of 0-50 microequivalents per liter. Figure 10. Probability greater than 60 percent of lake sensitivity in Yellowstone National Park to atmospheric deposition using an acid-neutralizing capacity concentration bin of 0-100 microequivalents per liter. Figure 11. Probability greater than 60 percent of lake sensitivity in Yellowstone National Park to atmospheric deposition using an acid-neutralizing capacity concentration bin of 0-200 microequivalents per liter.
Summary
The sensitivity of lakes in Grand Teton and Yellowstone National Parks to atmospheric deposition of contaminants was estimated based on statistical relations between ANC concentrations and basin characteristics. This study combined the use of Geographic Information System (GIS) modeling and multivariate logistic regression using the best available GIS and water-quality data for alpine/subalpine lakes in Grand Teton and Yellowstone National Parks. The result is the identification of a subset of lakes with a high probability of having low ANC concentrations and thus greater sensitivity to atmospheric deposition of nitrate, sulfate, and hydrogen ion.
Relations between ANC concentrations and basin characteristics were explored. ANC concentrations that were measured at 52 lakes in Grand Teton and 23 lakes in Yellowstone during synoptic surveys were used to calibrate the statistical models. Basin characteristics were derived from GIS including topography, geology, vegetation, and soils. Multivariate logistic regression models were developed, and the resultant probability equations for ANC concentrations less than 50, 100, and 200 microequivalents per liter were applied to lake basins greater than 1 hectare in Grand Teton (106 lakes) and Yellowstone (294 lakes). A higher percentage of lakes in Grand Teton (36 percent) than in Yellowstone (13 percent) were predicted to be sensitive to atmospheric deposition. The lakes that exceeded 60-percent probability of having an ANC concentration less than 100 µeq/L and, therefore, had the greatest sensitivity to atmospheric deposition of contaminants, are located at elevations greater than 2,790 meters (m) in Grand Teton, and greater than 2,590 m in Yellowstone.
The GIS and logistic regression modeling approach can be used as a cost-effective tool to help resource managers identify lakes likely to be sensitive to atmospheric deposition of contaminants and develop long-term monitoring programs within the parks. Lake number (see fig. 3 Table 9 . Results of multivariate logistic regression analyses for Grand Teton National Park.
Selected References
(A) Acid-neutralizing capacity (ANC) concentration bin of 0-50 microequivalents per liter (µeq/L).
[µeq/L, microequivalents per liter; (n), total number of lakes; (1), lakes in ANC bin 0-50 µeq/L; (0), lakes with ANC > 50 µeq/L; soil_9, fraction that is leightonmoran_wolcott_association; stpslpe, fraction of slopes > 30 degrees]
Logit (P) = e -8.624 9.702 soil_9 � � 13.761 stpslpe � � + + � � 1 e -8.624 9.702 soil_9 � � 13.761 stpslpe
Acid-neutralizing capacity (ANC) concentration bin of 0-100 microequivalents per liter.
[µeq/L, microequivalents per liter; (n), total number of lakes; (1), lakes in ANC bin 0-100 µeq/L; (0), lakes with ANC > 100 µeq/L; min_elev; lake outlet elevation; asp45, fraction of basin with aspect 0-45 degrees]
Logit (P) = e -9.455 0.004 min_elev � � 8.318 asp45 
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